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1 | INTRODUCTION

Muhandis Shiddig? | Bidayatul Armynah? |

Abstract

High-photoluminescence carbon dots (CDs) were synthesized from various sources
and various methods using two approaches, namely bottom up and top down, with
emission-dependent excitation wavelength. Electronic transition from the higher-
occupied molecular orbital (HOMO) state to the lowest-unoccupied molecular
orbital(LUMO) state, surface defect states, wider excitation spectrum, higher quan-
tum yield, efficient energy transfer, and element doping affected the fluorescence
properties of CDs. Using 102 references listed in this review, the authors studied the
relationship between fluorescence mechanism and reactive oxygen species (ROS)
produced for photodynamic therapy (PDT) and materials anticancer applications. We
described how the radical atom or ROS work as anticancer therapy and PDT and
described the chemical reaction of high-resolution fluorescence CDs. We summa-
rized experimental techniques that are used for producing CDs and discussed their
characteristics. Finally, conclusions and future prospects in this field are also dis-
cussed. The important characteristics of CD-based design for high ROS may usher in
new prospects and challenges for high efficiency and stability of PDT and anticancer
therapy. In conclusion, we have provided perspectives and challenges of the future

development of CD s.
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graphite. Semicircular nanoparticles with glasslike graphite in the cen-

ter are called CQDs, which have a delocalized band structure and are

Carbon dots (CDs) are nanoparticles with size 2-10 nm; some studies
also reported the CDs’ size up to 20 nm when they were combined
with graphite and another type of carbon.!”! CDs are nontoxic, natu-
rally available, and inexpensive; CDs can be used in climate analysis,
energy storage devices (batteries and capacitors), compound catalysis,
electrocatalysis, and photocatalysis.[?

CDs are carbon-based nanoparticles in the form of carbon nano-
dots (CNDs), carbon quantum dots (CQDs), and graphene quantum
dots (GQDs).®! GQDs occur in two forms: circles or sheets like

potentially modified at the surfaces. Quasi-spherical nanoparticles
that do not have complete quantum energy states are called CNDs.
Nonetheless, CQDs and CNDs are frequently identified by their char-
acteristics, but the overall properties, including excitation conditions,
are difficult to be determined. Therefore, CDs are used to identify all
semicircular carbon nanoparticles, which incorporate those with sub-
atomic including delocalized electronic state of all carbon nanoparti-
cles that reach among CND and CQD." GQD is a critical carbon point
structure with extraordinary optical and electronic properties, with a
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zero bandgap (0 eV) for graphene and up to 3.1 eV for benzene with
dimensional change.l”!

CQD performance has been considered the best in various appli-
cations as the particles are synthesized by combining two or more
methods using different approaches. The bottom-up approach used in
synthesizing CDs comprises twist discharge, laser expulsion, and
electrochemical oxidation, and the bottom-up approach involves
microwave, ultrasonic, solvothermal, and fluid treatments. These
synthesized methods can also combine the bottom-up top-down
approaches to produce CQDs.!9!

In the bottom-up approach, the hydrothermal method, the most
widely used method, applies heat to the fluid containing the carbon
source.l”? The CDs are synthesized from a small number of particles
using microwave irradiation. The hydrothermal method is used for
synthesizing CDs because it is nontoxic and inexpensive and involves
a simple procedure. Researchers favor the microwave-assisted tech-
nique due to its advantages such as efficient time, low energy, and
eco-accommodating nature by carbonization of a small amount of part
of plants that are available abundant in nature.®!

The top-down approach separates the bulk carbon structures
using electrolysis, ultrasonic technique, laser ablation, and corrosive
treatment. The disadvantages of this approach are as follows: expen-
sive carbon materials, high temperature, harmful natural solvents, and
long response time. In addition, this approach can be effectively func-
tionalized using hydroxyl, carboxyl, carbonyl, amino, and epoxy groups
on their surfaces and by restricting inorganic and natural sources. The
electrochemical method is used to combine pure CDs from large-size
atomic matter such as carbon nanotube, graphite, and carbon fiber.
Laser ablation has been widely used to synthesize CDs of various
sizes. Previous studies!®? reported that in laser ablation, complex
natural macromolecules formed nanosized carbon particles under laser
irradiation.

Zhou et al. reported the synthesis of CDs from multiwalled car-
bon nanotubes in the presence of tetrabutylammonium perchlorate as
electrolyte.'® Xu et al. reported the synthesis of CDs from single-
walled carbon nanotubes (SWCNTs) using the arc discharge
method.*¥ In 2009, Zhu et al. reported the synthesis of CDs from
carbohydrates with excellent photophysical properties in a short reac-
tion time.*?

The aim of this article is to describe the synthesis and properties
of CDs. The main characteristic of CDs is photophysical property,
especially fluorescence that results from surface functionalization
with solubility in aqueous and nonaqueous solutions.’*®! The fluores-
cence of CDs was reported from the deep-blue (430 nm) to the near-
infrared (NIR, 730 nm) regions, which highly correlated with the band-
gap.[“] The quantum vyield (QY) of CDs is generally low, and it is
increased usually by functionalization of phenolic compounds and the
atoms present in the plant extracted. The surface state at the outer
layer of CDs has an energy level and leads to different emission,
which is also similar for the subatomic state. The reaction at the
atomic state occurred in agueous solution via bandgap when absorb-
ing a photon (hv) in producing the reactive oxide, which is important

for anticancer and photodynamic therapy (PDT).[*®! The oxidation at

the surface state increased when the bandgap decreased, which
affected the number of reactive oxides produced.[ié] First, the CDs
absorbing the photon and the electron (e™) at the higher-occupied
molecular orbital (HOMO) state have energy to jump to the lowest-
unoccupied molecular orbital (LUMO) state and remain as a hole
(h).17] Second, the e~ at the HOMO will react with O, and the h* at
the LUMO will react with H,O.[*®! The reactions of both processes
will produce the reactive oxide in the form OH*, which is useful for

the next reaction for anticancer therapy and PDT:

CDs+hv—e +h" 1

O,+e — 0" ()

H,O+h* — H* +OH* 3)

0" +H" = H,0" (4)

H* +H,0* - H,0,+e~ — OH™ +OH* (5
OH™ +h™ — OH* (6)

These species may affect downstream reactive oxygen species
(ROS) such as the H,O* radical and hydrogen peroxide (H,O,). For
considering ROS as being oxygen dependent, the OH* radical must
also be produced by the reaction.

The emission of CDs may result from surface state emission,
intrinsic band emission, triple ground state emission, dipole emission
involving electron-phonon coupling, transition from HOMO to
LUMO, self-trapped excitons, and presence of small organic mole-
cules. The excitation-dependent emission is typically attributed to
the presence of multi-emission centers, size distribution, solvent

relaxation, and existence of multi—aggregation.[8'9]

The optical
properties of CDs are strongly dependent on the local environment,
surface structure, and electron transfer from the CDs to other
species.[1o11]

For electron-hole annihilation and radiative recombination
usually occured by direct luminescence emission.*”) Several groups
reported the luminescence mechanism of metal-based and nonmetal-
based CDs.2"! They also reported the luminescence reaction between
CDs and H,0, or the mixing system with additional HCO;~.?Y The
unstable intermediate reaction resulted in 10, and (O),* to
produce luminescence emission. The ROS was produced from the
reaction between HCO3;™~ and H,O, to form hydroxide radical (OH*)

and superoxide ion radical (O, *), which is described as follows:

H,0, +HCO3~ = HCO4~ +H,0 7)
HCO,~ — OH" +CO3 ™ ®)
H,05 +CO3™* — HCO3™ +HO,* (9)
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HO,* — 0, " +H* (10)

O, *+OH* =10, +OH" (11)
0, *+HO," =10, +HO,~ (12)
HO," +HO," — 10, +H,0, (13)
10, — 30, +hv (14)

20, " +20; " +4H,0 — (Oz)," +2H,0, +40H™  (15)

(03)," =20, +hv (16)

OH* +HCO3~ —HO™ +HCO;* (17)
2HCO3" — H,0, + (CO,),* (18)
(COz)," —2CO, +hw (19)

The intermediate radicals OH*, CO;™*, and O, * react with CDs
that are produced from H,O, or mixing system with HCO3;™ to gener-
ate positively (CDs™*) or negatively (CDs *).?2 The CDs exhibited
strong luminescence emission when the excited state of the positive
or negative CDs* was returned to ground state.?!! These radicals are
important for anticancer therapy and PDT.

This review aims to systematically discuss how radical atoms
work in anticancer therapy and PDT and describe the chemical reac-
tion of high-resolution fluorescence CDs. We first introduce ROS in
general and summarize the experimental techniques that are used to
produce high-luminescence CDs. We then present the synthesized
methods used to fabricate CDs and discuss their characteristics. The
last two sections discuss anticancer therapy and PDT as promising
applications of CDs. In conclusion, we provide an outlook on CDs,
introducing perspectives and challenges of the future development
of CDs.

2 | SYNTHESIZED CDs

There are many sources of carbon in nature, for example, parts of
plants. CDs are synthesized using two approaches: top down and bot-
tom up; these are highly correlated with CD performance. Different
types of CDs can be extracted from different carbon forms, including
graphite, graphene, carbon nanotube, fullerene, coal, black carbon,
and activated carbon. The synthesis methods strongly depend on the
type or condition of precursor or sources of CDs using laser ablation,
mechanical milling, chemical oxidation, electrochemical oxidation, arc
discharge, and ultrasonic-assisted techniques. The hydrothermal
method is used for the development of CDs from a little carbon
moiety, which is similar for microwave-assisted techniques, plasma

treatment, pyrolysis, and ultrasonic reaction.?%!
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The synthesis methods can be selected based on comparative
feasibility, targeted application, and desired properties. For example,
the top-down approach is easy to produce, simple and well structured,
whereas the bottom-up approach is difficult due to the formation of
various side products along with CDs.2%

The uniformity arrangement of CDs particle synthesized by the
hydrothermal/solvothermal method was affected by the high temper-
ature and high fume pressure during synthesized processes.?>! The
hydrothermal technique has become one of the most standard strate-
gies to integrate graphene CDs for high QY.?9 The hydrothermal con-
ditions such as water properties, consistency, fume pressure, surface
strain, and ionic item are essentially changed. High temperatures
(in the range of 300-800°C) result in high carbon content materials
such as carbon nanotubes and graphitic carbon.?”? In 2011, Zheng-
Chun reported the hydrothermal glucosamine hydrochloride method
for producing nitrogen-doped CDs with size 15-70 nm at 140°C for
12 h. During hydrothermal treatment dehydration, polymerization,
and nucleation of glucosamine molecules with aromatic amine,
hydroxyl, and carboxyl groups on the surface of CDs with fluores-
cence at 510 nm. Typically CDs synthesized at high temperature
consequently incur extra cost for the process. The combination of
synthesizing methods will reduce the processing temperature to room
temperature with the assistance of oxidizing agents. Hydrogen perox-
ide is one oxidizing agent that converts hydroquinone to p-benzoqui-
none, and the exothermal response is used to carbonize and produce
photoluminescence (PL) CDs at room temperature.28!

It has been determined that microwaves comprise long-frequency
electromagnetic waves.??! This technique is exceptionally productive
with high vyields, specificity, cost effective, simple, fast, and energy
saving; has short response times, controlled temperature, controlled
size, security, and better reproducibility, and; and causes low pollu-
tion.[;% The microwave strategy can adequately reduce the response
time and provide uniform, homogeneous heating, resulting in uniform-
sized CDs. In 2016, Mehta reported using the microwave method for
synthesizing CDs from sugarcane syrup with an orange particles that
contained carbon and nitrogen in the form of GCDs (size 2-6 nm) and
green fluorescence at wavelength 254 nm.*! CDs from l-asparagine
were reported by Wang et al. with a microwave temperature of
180°C for 15 min.2

Pyrolysis was reported for producing QDsP® but was not widely
used as this technique required high temperature and high energy.
Devi et al. reported utilizing Aloe vera extract that was exposed to a
high temperature of 160-250°C for 10-30 min for carbonization.
This technique resulted in the production of CDs with a QY of
12.3% and showed the emission under UV light due to excitation, as
seen in PL, UV spectroscopy, Fourier-transform infrared spectroscopy
(FT-IR), and Raman spectroscopy. The CDs from Aloe vera exhibit
antibacterial properties for detecting metal particles.[34] The study
reported by Ubani et al. combined CdSe and QDs using pyrolysis
for organometallic reagents. The combination was completed for
cadmium oxide arrangement using pyrolysis at 195°C to deliver
discrete homogeneous nucleation with dissimilarities in nanocrystal

size and shape.[®”!
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The ultrasonic technique has benefits such as green synthesis
method, cost-effectiveness, strong penetration, and uniform particle
distribution.’**%”) The QY of CDs by this technique could be increased
from 3.3% to 28.3% compared with other methods which have great
scattering properties, low crystallinity, and useful state at the
surface.l%8!

For the microwave-assisted technique and the ultrasonic waves,
high-energy for synthesized pure CDs and doped-CDs was used as
reported in 2020 by Gao et al.®*”! The mixing N, S, P as a co-doped
CDs (N, S, P-CDs) at room temperature shows effectively applied for
antibiotic medication mixed with milk.*”! Laser ablation was used
direct UV-pulsed light to produce CNDs which different with electro-
chemical methods by voltage contrasts between anodes in an electro-
lyte of water and ionic fluid. This methods more safety because no
harmful gas used in synthesizing and easily produce uniform distribu-
tion of CDs in ionic fluid-free electrolyte.*?!

Laser ablation is an efficient physical method that irradiates a
solid target in quuid[‘”] to produce CDs. Huang et al. was reported
using Nd:YAG laser (1064 nm, 10 Hz) for carbon target through water
bubbler from argon gas at 900°C and 75 kPa.*? For laser ablation,
the time and the wavelength laser is important parameters for con-
trolling the CDs characteristics.[*® In 2016, the impact of laser fre-
quency on ablation cycle was reported that affect to the optical
properties of CDs from three different frequencies: 1064, 532, and
355 nm of the Nd:YAG laser.[*

Wet chemical techniques or chemical oxidation usually used
semiconductor as a doping, such as Si/Ge QD."**, or H,50, or mixed
oxidative with HNO3 can also be used. This technique was used to
produce various ROS or oxygen atoms in the form of —COOH and
—OH."4! The methods for increasing ROS were reported by Gaponik
et al. who synthesized it using the wet-compound combination tech-
nique from thioglycolic acid (TGA) covered by CdTe in the form of
CdTe-QDs.*”! Figure 1 shows the number of publications using vari-
ous synthesized CDs methods. The synthesis method using the
bottom-up approach is indicated by blue color, whereas the top-down
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FIGURE 1 Number of publications reported by scientists for

synthesizing CDs using the bottom-up (blue color) and top-down
approaches (red color)

approach is indicated by red color. Globally, scientists synthesized a
large number of CDs using the microwave and hydrothermal methods

as they are simple and efficient.[®!

3 | METHODS

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) standards were followed for conducting this sys-
tematic review. A systematic search of the CD database for PDT and
anticancer therapy by evaluating article titles, abstracts, and full texts
and data extraction process is shown in Figure 2.

3.1 | Literature search and selection strategy

ScienceDirect (sciencedirect.com) was used to search articles for
analysis using keywords “carbon dots,” “fluorescence carbon dots,”
“carbon dots for photodynamic therapy,” and “carbon dots for
anticancer.” There were no regional or chronological limits to the
search results. Several titles and abstracts that could be potentially
useful were identified through a manual check. All relevant articles
were manually examined. They were downloaded; then the titles and
abstracts were read and categorized into folders named high, medium,
and low correlation. Those papers that had no correlation with PDT
and anticancer therapy were deleted from the folder. We also
excluded book chapters and mini reviews; Figure 1 and Table 1 pre-

sent more details.

3.2 | Data extraction and critical appraisal

The following sources of CDs were recorded from each article: citric
acid-doped urea, citric acid-doped tryptophan, citric acid-doped
RNase A, Hypocrella bamboosae (HB), glycerol, carrot, persimmon fruit,
mulberry leaves (Morus alba L.), Radix Puerariae, CDs coated with
titanium dioxide (TiO,), Eudragit RS 100 CDs, bamboo leaf, O-
carboxymethyl chitosanprocaine, citric acid, and ethylenediamine. The
various synthesized methods are microwave technique, microwave-
assisted pyrolysis, solvothermal technique, hydrothermal technique,
pyrolysis, and ultrasonic technique. The last technique provides the
percentage of the QY for PDT and anticancer therapy, as presented in
Table 1.

3.3 | Statistical analysis
The data were qualitatively synthesized, with total numbers and
percentages used when applicable.

Table 1 presents the CDs produced using the bottom-up and top-
down approaches, including size, and QY, which were synthesized
from various sources and methods for PDT and anticancer applica-

tions of CDs. The number of publications on anticancer therapy is
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FIGURE 2 PRISMA (Preferred Reporting

Items for Systematic Reviews and Meta-Analyses) Records identified tl.ll'Ollgh database
diagram demonstrating the full-text article ) s_earchmg

selection process Sciencedirect.com (n=853)

Duplicates removed (n=184)

Record after duplicates removed

(n=1669)
Records excluded (n=853) h 4
not using carbon dots as a sources
(n=254) Record
Cancer therapy application (n=287) |+ screened
General topocs (n =214) =
Book chapter (n = 35) {11 =663
Mini review (n = 16)

Total number of
studies analyzed
(n=061)

TABLE 1 Methods of synthesis of CDs from different sources and their relative size, quantum yield, and applications for photodynamic and
anticancer therapies

Sources Methods Size (hm) Quantum yield (%) Applications Reference
Citric acid, boric acid, urea Microwave 2-6 10-15 Photodynamic therapy 4%
Citric acid, tryptophan Microwave-assisted pyrolysis ~ 2-6 54 (501
Citric acid, RNase A Microwave 25-45 24.20 B
Hypocrella bambusae Solvothermal - 0.38 (521
Glycerol Microwave pyrolysis 9+1.1 - Anticancer (53]
Carrot Hydrothermal 2.30 7.60 (541
Persimmon fruit 5217 149 (551
Mulberry leaves (Morus alba L.) 2-4 = (56
Radix Puerariae Pyrolysis 1.0-8.0 54 (571
CDs-coated titanium dioxide (TiO,) Hydrothermal 4-27 = B
Eudragit RS 100 CDs 50 - &1
Bamboo leaf Ultrasonic 0.24 = [60]
O-Carboxymethyl chitosan 45+10 - e1]
Procaine, citric acid, and ethylenediamine  Hydrothermal 2-5 471 (62

larger than that on PDT, which may be due to the characteristics wavelength, higher QY, and efficient transfer energy. The additional
of CDs, including environment friendly, biocompatible, broader metal in CDs was usually used to produce high ROS systems for anti-

excitation spectra, better photostability, size-dependent emission cancer therapy and PDT.
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FIGURE 3 (a) Schematic illustration of drug delivery of CD-doped
[63].

metal and polymer for anticancer therapy*°~; (b) fluorescence
intensity of kappa, folic acid (FA), and carrageenan (KFC-CDs) injected
in mice for control (PBS) and treated for the period of identification
up to 24 h'*: (c) representation of the different CDs in the alkaline
assay where MCF7 cells were visually scored for 48 and 72 h for
different CD concentrations (ppm)¢>

4 | FLUORESCENCE FORANTICANCER
THERAPY

Tao Feng et al. reported the CD-based drug nanocarriers that are
advantageous, when compared with conventional nanocarriers,
including (1) negative charge/PEGylation to prolong blood circulation
time, (2) accumulation at tumor sites because of increasing permeabil-

ity and retention, (3) increased internalization of tumor cells due to

load-modifiable properties in the tumor extracellular microenviron-
ment, and (4) fewer side effects under normal physiological condi-
tions. The CD-based drug nanocarriers exhibit improved tumor
inhibitory activity and reduced side effects, indicating high potential
for cancer therapy (Figure 3).163¢¢!

Poushali Das et al. reported that there is no significant change in
emission intensity when KCI content increased from O to 2.6 M but
varied salt concentrations for fluorescence-based sensing applications
of kappa, FA, and carrageenan (KFC-CDs). KFC-CDs have stability and
steady fluorescence for pH in the range of 5.1-9.7and for various
environmental conditions with 0.15 mM NaCl and 10 mM Tris-HCI.
The photostability of KFC-CDs is continuous at a wavelength of
365 nm using UV irradiation with stable fluorescence up to 95 min.
The photoluminescent properties of KFC-CDs in aqueous solution
show stronger resistance to photobleaching compared with that of
the commercial organic dye.l*¥

The CDs effectively damage cells compared with untreated cells;
the Arbitrary Unit (AU) value was twice for the lowest CD concentra-
tion (0.25 ppm). The surface charge and surface functional groups
affected the interaction between CDs and cells to induce DNA dam-
age and failed to repair due to oxidative stress, causing genomic insta-
bility. The CD surface functional group was determined using FT-IR
and X-ray photoelectron spectroscopy (XPS) to identify the oxygen-
ated functional groups used for synthesis of ROS. Sarkar et al.le”!
reported ROS generation using CDs by manipulating oxygenated
groups from carboxyl groups. The higher oxygenated groups on the
surface of CDs are affected, the higher the ROS production capacity.

The characteristic ligand on the surface CDs in the form of the
oxygenated group has high affinity and flexibility for surface modifica-
tion. Ligand-receptor interactions are important for targeting
antigens-antibodies for localization of sick cells in different tissues
that work intracellularly.’® Biosensors have been developed from
CDs by hydrothermal from ammonium chloride and QDs from CdTe
by sealing with n 3-mercaptopropionic acid show that can be used for
detection of HIV-DNA in biological samples.[”)

Fahmi et al. reported that natural CDs, synthesized from bamboo
leaves (0.24 nm), have proven useful for delivering anticancer drugs to
the target cancer cells. Fluorescence and cellular pathways were ana-
lyzed using in vitro confocal microscopy./*® Similarly, Reddy, in 2020,
synthesized CDs from persimmon fruit using the hydrothermal
method with a size of 5.2+ 1.7 and QY of 14.9%.1°°! The CDs on
coprecipitation with the rutile phase of TiO, nanoparticles were
investigated by Sawant et al.’®! by modifying surface engineering,
which can minimize the hydrophobicity of curcumin and increase its
biocompatibility. The anticancer potential for breast cancer cells is
higher for CD-coated TiO, nanoparticles compared with that of CDs
without TiO, coating.[”?!

The anticancer capability of CDs should be high optical lumines-
cence usually used synthesized from various flavors of red stew,
turmeric, dark pepper, and cinnamon with high QY of 43.6%.7% As
reported by Cutrim et al., ESM 2021 the nanofabrication of anticancer
from the outer layer of CQDs glasslike structure from hydroxyl,

carbonyl, carboxylate, and carboxylic amines. The connection at the
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surface of CQDs is electrostatic of hydrogen atoms as nano conju-

gates to build the bonding with atom from cell diseases.[’?

5 | FLUORESCENCE FORPDT

The carbon nitride in CDs was used to improve ROS generation!”® for
PDT using a metabolic mixed prodrug for a certain frequency of light.
In this treatment, the photochemical and photobiological activities
damage the growing tissues. Preclinical and clinical studies reported
and confirmed the possible photodynamic treatment to be used as
therapeutic methods for malignant growth.ml Nanocomposites of
CDs also induce tumor hypoxia and increased anticancer activity.”?
PDT is a noninvasive therapeutic procedure using natural photosensi-
tizer (PS) particles to absorb light for exciting the charge and increas-
ing the ROS species.l””!

PDT is a nonsystemic treatment involving three nontoxic compo-
nents used in combination: the light-activated PS, a specific light source,
and ROS. The interaction between the light with CDs for the right
wavelengths and dosage in the PS system through chemical reactions is
described in the Introduction. The electron transfer from the PS system
to the substrate molecules produces free radicals and radical ions. The
energy transfer from the PS to the molecular oxygen produces singlet
oxygen species (10,), as shown in Figure 4a, for the primary process in
PDT, as reported by Qingyan Jia et al. for HB which is a parasitic fungus
found in bamboo. Photodynamic antiviral and anticancer properties of
hypocrellins isolated from HB have been demonstrated!”®”?! using CDs
from HB synthesized using solvothermal methods called HBCDs, as
shown in the upper part of Figure 4(b). The HBCDs have high water
solubility, wide absorption, red-light emission, and biocompatibility,
which was used to guide cancer treatment for fluorescence and photo-
acoustic imaging agents. The HBCDs efficiently produce ROS, specially
10,, which is used in hyperthermia by PDT as an effective anticancer
therapy. The CDs containing natural biomass as the raw carbon source
such as HBCDs show bifunctional fluorescence and photoacoustic
imaging with synergistic PDT for cancer treatment.>?

The fluorescence imaging was performed in PDT to illustrate the
capacity CDs- Ceé's in vivo for theranostics applications in subcutane-
ous MGCB803 gastric cancer xenograft in animal model. The mice (with
tumor size of 25-30 mm) were administered C-dots-Ceé intravenously,
and the PDT process was monitored in vivo via NIR fluorescence
imaging. The light emitted from the CDs-Ce6 is clearly observed in the
tumor location in Figure 4(c), indicating high fluorescence intensity.[76]

Recently, Xiaolong Hu et al. reported their findings regarding CD-
based Sn nanocluster with a high QY of 58.3%. The PDT test used the
HepG2 cell model before examining the biological applications of CD-
based Sn nanocluster. The living cells are indicated by green color and
dead cells by red color for irradiation wavelengths 490 and 545 nm.
Figure 4d) clearly shows strong green fluorescence and red fluores-
cence in HepG2 cells using CDs-based Sn nanocluster for dark and
light conditions./””}

PDT is a promising noninvasive cancer treatment used in combi-

nation with surgery, chemotherapy, or ionizing radiation to destroy

LUMINESCENCE-vy gy~

The Journal of Biological and Chemical L

@ Photosensitizer
light ( ——

Excited state
Tissue

Oxygen

l

Free radicals,
singlet oxygen

|

Cellular
toxicity

wm Solvo -
DMFE R thermal Dialysis <
Ultra ’ 150°C, 12 h H—Q_\
sound

’ I'
Hypocrella bambusae HBCDs
powder

a8y,
574

Photosensitizer

Ground state

(b)

CB Photodynamic Therapy 635 nm laser

i @“f"

EP.PR eﬂcQ @ %

£-------------_-_-a

@CDs+Dark

@CDs+Light

A
Q
3]
7]
2
]
o
c
©
c
=
(2}
1
Q
2
(2]
s
[
o
c
(]
c
c
7

FIGURE 4 (a) lllustrative procedure for producing ROS (reactive
oxygen species) when light coming to the CDs is photosensitized in
the process of photodynamic therapy (PDT), (b) schematic illustration
of HBCDs derived from Hypocrella bambusae by solvothermal method
in blood vessel imaging and synergistic PDT of cancer using 635-nm
laser,®? (c) real-time NIR (near infrared) fluorescence images after
intravenous injection of CDs-Ceé6 at different times up to 24 h with
focus points of the average fluorescence intensities from the tumor
area,”® and (d) microscopy images of living HepG2 cells (green,
490-nm excitation) and dead cells (red, 545-nm excitation) after
treatment with 250-mg/ml Sn nanocluster@CDs solutions in
additional dark and light conditions.””!

undetected cancers cells.®® PDT uses photosensitizing drugs of phar-

macology with a particular light wavelength irradiation for the pres-

[81-83]

ence of ROS to induce cell death and tissue necrosis, as shown

in Figure 4(b).
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Huang et al.l”%! reported the theranostic system based on chlorin
ebé-conjugated CDs (CDs-Ce6) that exhibited good stability and solu-
bility, low cytotoxicity, good biocompatibility, enhanced photosensi-
tizer fluorescence detection (PFD), and very good photodynamic
efficacy. The results suggested that the new synthesized system
exhibited excellent imaging and tumor-homing ability, excellent pho-
todynamic efficacy, and effectiveness in simultaneous PFD and PDT.
In 2015, a study reported the in vitro and in vivo effects of a transder-
mal CDs-chlorine e6-hyaluronate (CDs-Ce6-HA) conjugate for PDT of
melanoma skin cancer and showed significant photodynamic effect on
cancer cells of melanoma skin cancer. [

Ge et al. synthesized 2-6 nm GQDs and exhibited their high per-
formance in ROS generation, indicated by reduction in tumor size in a
17-day treatment.® Tabish et al. reported GQDs with a size of
20 nm and a QY of 7.1%, showing high ROS generation for irradiation
at 365 nm.[¥ Campbell et al. synthesized GQDs using three cova-
lently bounded components, namely nitrogen-doped GQDs, hyaluro-
nic acid, and ferrocene, and showed high (thrice) ROS generation
compared with pure ferrocene.®”! The doping sulfur and nitrogen
atoms of GQDs show improved phototherapy performance due to
nitrogen bonding that increased ROS generation compared to single
GQDs.[88:89]

The antitumor nature of CDs based on PDT has been confirmed
by Li et al. using porphyrin-containing CDs and shows effective pho-
todynamic activity against hepatoma due to its ability to suppress the
tumor mass.[”?! Huang et al. reported the theranostic system used on
chlorin eé-conjugated CDs and showed high photodynamic efficacy,
compared with that of pure Ceé, and good imaging efficacy.m’] Qin
et al. reported using microplasma for synthesizing CDs with absorp-
tion peak between 380 and 500 nm and emitting strong yellow fluo-
rescence at 550 nm. Hela cancer cells quickly absorbed the CDs
when activated under blue light; a yellow fluorescence and ROS were
produced effectively, allowing for simultaneous fluorescent cancer cell
imaging and photodynamic inactivation, with a 40% reduction in rela-
tive cell viability.”

PDT is used to treat lung and gastrointestinal malignancies due to
the ROS in the form of singlet oxygen, which depends on energy.
Cells in contact with the PS, light, and oxygen simultaneously show
cytotoxic responses. The fluorescence occurred from the energy
transfer device of quantum dots to the silicon Pc4 PS to produce ROS
for PDT as reported in earlier research.”%%! Song et al. developed
polyvinylpyrrolidone-modified zinc oxide QDs with high PL and a

4] and also new cationic porphyrin

[95]

strong inhibition for tumor cells

PDT medicines for cancer using GQDs.

6 | OPTICAL PROPERTIES OF CDS FOR
ROS GENERATION

Light wavelength effectively activates the PS to generate ROS, which
corresponds to the electronic absorption band of CDs. Light interac-

tion with tissues results in four physical phenomena: absorption, scat-

[96]

tering, transmission, and reflection,'”® as shown in Figure 5(a) (three

dimensional)®”! and Figure 5(b) (two dimensional).l’®! Penetration
depth and efficient delivery of light are two important parameters for
deep tissue treatment and generation of ROS for anticancer therapy
and PDT. These parameters are dependent on the wavelength of light,
for UV-Vis. penetration was limited only from the epidermis through
the dermis, but X-rays penetrate the hypodermis.

The parameter for light penetration into tissues depends on the
light or photon energy, optical properties of tissues in the form of
refractive indexes and extinction coefficient, polarization, coherence,
power density, irradiation time, and tissue physiology such as pigmen-

tation and hydration,[”:lOO]

Endogenous fluorophores, including
hemoglobin and melanin, have strong absorption in the visible light at
a wavelength <630 nm. Therefore, an absorption peak must form in
the wavelength region of 630-700 nm to maximize tissue penetration
and high ROS generation.'*°" The NIR will be absorbed by water and
lose its energy with increasing wavelength, but optimum deep tissue
penetration should be in the range of 700-1000 nm.[*02!

At low energy, light in the wavelength >850 nm is relatively very
low, and ROS generation is due to the thermal effects from fast
nonradiative transitions and narrow bandgap energy.[*°31°4 Shorter
light wavelength will be scattered by the tissue and has limited trans-
mission. Therefore, PSs that absorb red or NIR photons in the wave-
length between 650 and 850 nm have high potential to effectively
penetrate tissues.[1%>1%¢! The physical phenomenon by scattering and
reflection of light is challenging for PDT application. This physical phe-
nomenon may not allow the photons to reach all parts of the irradi-
ated area. To generate ROS in the irradiated area such as tumor
tissue, an accurate irradiation margin must be considered for thick-
nesses of 3-4 mm.[*0”!

The increasing number of new PSs for PDT application has led to
a breakthrough in photomedicine. The development of PDT agents
has improved most of the characteristics, although the widely used
Photofrin has several disadvantages such as low light absorption and
poor light penetration, poor clearance from the body, and prolonged
photosensitivity. PSs include specifically targeted antibodies, serum
albumin, sugars, peptide ligands, and nonprotein ligands to increase
phosphorothioate (PS) accumulation in cancer cells and bind with
proteins.[108:107]

The depth of light penetration into tissues depends on the optical
properties of the tissues and the wavelength of light. The endogenous
pigments hemoglobin and melanin absorb shorter wavelengths,
thereby affecting light transmittance.l**°1*2 The light within the
spectral range 600-1300 nm called “phototherapeutic window” is
critical for PDT.'*3! Light with wavelengths in the range of 620-
850 nm has the most penetrating ability. Above 850 nm, light does
not have sufficient energy for activating PS; consequently, PS cannot
generate sufficient energy to produce singlet oxygen. The light within
the wavelength of 620-850 nm is the optimum wavelength that can
penetrate maximum tissues for PDT applications.**# The light source
used for PDT has some unique properties. First, the determination of
light depends on the type of disease such as tissue type, tumor loca-
tion, and size. Next, the light source suitable for PS absorption should

be used.



AMAL ET AL.
LUMINESCENCE-w11gy-|—
(a) ) l}
> 58 )
g g g %: N x-m Ultraviolet InﬁamduMlcrowave. Radio
- R f I ﬂ N\ N\
ot epecrn_| -'“ . E2 g- § T I VAVAVANDZN
G P :) ::ooo;"o:oo,b Visible Light o
} Hypodermis light spectrum
(b)
NIR| X-Ray
Penetration
—Limited
—Deep
Self-luminescence
—Limitless
FIGURE 5 (a) lllustrative procedure of light interaction with human tissues.””! (b) Two-dimensional interaction for various light energies or

[98]

wavelength and their penetration abilities.

The power and density of the light delivered are also important
for the light source, that is divided into coherent and noncoherent
properties for PDT application. The coherent light sources are argon-
pumped lasers, solid-state lasers, metal vapor-pumped dye lasers, and
optical parametric oscillator lasers. Noncoherent light sources are
fluorescent lamps, halogen lamps, metal halide lamps, xenon arc
lamps, and phosphor-coated sodium lamps.!**! For superficial lesions
such as skin and oral cavities, noncoherent light sources may be used,
because they are cost effective and commercially available, compared
to laser. Moreover, they can be used for various PSs because of their
broad emission range.'*¥ Coherent light in the form of lasers is
widely utilized in devices for clinical applications of PDT because of
the monochromatic coherent light with very high output. Therefore,
the time required to apply PDT can be reduced.

To optimize the light source for PDT, the LED-based PDT pro-
vides many advantages: inexpensive, easy to design, and large irradia-
tion field.*1¢"181 A narrow emission band can be selected to

maximize the PS effect compared to using daylight.**! It is known
that daylight cannot penetrate deep tissues, and the emission spec-
trum contains blue light that is effective for superficial treatments
such as nonmelanoma skin cancer and actinic keratosis.!*2"!

Penetration depth of X-rays may usher in new methods to
achieve efficient PDT of deep-seated tumors.[*?4122! High X-ray pho-
ton energies (from keV to MeV) are not available in conventional PS
for singlet-triplet energy gap. Therefore, X-ray singlet-triplet energy
gap requires energy mediators such as scintillating nanoparticles
(SCNPs). SCNPs can convert high-energy ionizing radiation into UV-
Vis. light via a three-step scintillation process near PS.[*23-1251 Using
SCNPs, X-rays as an excitation source make it possible to achieve high
ROS generation and superior therapeutic efficacy for PDT.

PDT plays an important role in the treatment of malignancies with
noninvasive and photothermal coupling agents required for PDT
implementation.!"?¢! DOX loaded with SWCNTs-PEG-Fe304@CQDs
potentials destroys cancer cells by releasing ROS photodynamically or
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photothermally and converts to heat energy to kill cancer cells. The
SWCNT-PEG-Fe304@CQD nanocarriers are ideal for treating cervi-
cal cancer and other disorders.[*?”!

CQD nanocomposite has been reported to deliver the drug to kill
cancer cells by functionalized FA and conjugated with a riboflavin
PS. Cross-linked chitosan complexes (Ch-Fe-CL) are used as precur-
sors for synthesis. CQD nanocomposites were doped with FeN to
form FeN@CQDs and incorporated into polymer nano-spheres to
be applied to chemotherapeutic molecules (DOX). These nanocompo-
sites show strong NIR absorbance with high-efficiency photothermal
conversion. NIR light stimulates the drug and allows it into cell to
kill cancer cells.*?8] CQDs and C60 fullerenes were reported to be
used as PS drugs with high ROS to detect photodynamic
cytotoxicity.[89]

In 2015, A.B. Bourlinos used the microwave method to synthesize
citric acid-doped boric acid as the CD source with a size of 2-6 nm
and a QY of 10%-15%.1%! Similar results were reported in 2014 by
Q. Wang. Q. Wang succeeded in synthesizing tryptophan-doped citric
acid as the CD source by combining microwave-assisted and pyrolysis
methods with a size of 2-6 nm and a QY of 54%°® for theranostic
purposes. The formation of PS Ceé in the outer layer of the CDs cre-
ated a theranostic with high fluorescence due to the ROS-created sin-
glet oxygen for PDT therapy and antitumor.*? The CD-doped carbon
nitride nanocomposite-containing polymer shows high ROS created

under light illumination as a PS for anticancer therapy.l’?

7 | CONCLUSION AND FUTURE
PROSPECTS

The atomic state occurred in the bandgap when photon (hv) was
absorbed for producing the reactive oxide, which is important for anti-
cancer therapy and PDT. Oxidation in the surface state increased
when the bandgap decreased, which affected the number of reactive
oxides produced. The intermediate radicals produced were OH*,
CO;7*, and O, * and reacted with CDs produced from H,O, or mix-
ing system with HCO3™ to generate positively (CDs"*) or negatively
(CDs™*) using strong luminescence emission when the excited state of
positive or negative (CDs*) returned to ground state. The radicals pro-
duced are important for anticancer therapy and PDT. This paper also
describes the characteristics of CDs from various sources that are
synthesized using various methods. There are two methods: the
bottom-up approach consists of hydrothermal method, microwave
method, and pyrolysis, and top-down approach consists of ultrasonic
method, laser ablation, and chemical oxidation.

Some studies reported the design of CDs with high ROS, high
sensitivity, and selectivity to find an effective strategy based on vari-
ous analyses. The traditional CDs are environment friendly and bio-
compatible and have broader excitation spectra, better photostability,
size-dependent emission wavelength, higher QY, and efficient transfer
energy. The CDs, especially those that are metal free, have the poten-
tial to develop high and effective ROS systems. In general, there is still

great demand for developing high ROS CDs; designing novel CDs with

highly improved sensitivity and selectivity to produce ROS is a chal-
lenge for PDT and anticancer therapy. More interesting studies in the

future may focus on several areas:

e Develop new methods is needed for producing high-stability multi-
color fluorescence and physical properties of CDs for reduced
recombination of charge consequently high ROS produced.

e Some preparation methods are more complicated for reproducibil-
ity; therefore, research needs to be done to develop easy mass
production methods with high-stable multicolor fluorescence.

e Research needs to be done for purification and functionality of the
CDs to increase their QY for anticancer therapy and PDT.

e Studies CDs-based should be extended from the laboratory scale
(in vitro) to the clinical trial using animals (in vivo) for therapy as

anticancer and PDT therapy.
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